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Objective: To compare the ability of medical emergency team criteria and the National Early Warning Score to discriminate cardiac arrest, unanticipated ICU admission and death within 24 hours of a vital signs measurement, and to quantify the associated workload. Design: Retrospective cohort study.
Setting: A large U.K. National Health Service District General Hospital. Patients: Adults hospitalized from May 25, 2011 , to December 31, 2013 . Interventions: None. Measurements and Main Results: We applied the National Early Warning Score and 44 sets of medical emergency team criteria to a database of 2,245,778 vital signs sets (103,998 admissions). The National Early Warning Score's performance was assessed using the area under the receiver-operating characteristic curve and compared with sensitivity/specificity for different medical emergency team criteria. Area under the receiver-operating characteristic curve (95% CI) for the National Early Warning Score for the combined outcome (i.e., death, cardiac arrest, or unanticipated ICU admission) was 0.88 (0.88-0.88). A National Early Warning Score value of 7 had sensitivity/specificity values of 44.5% and 97.4%, respectively. For the 44 sets of medical emergency team criteria studied, sensitivity ranged from 19.6% to 71.2% and specificity from 71.5% to 98.5%. For all outcomes, the position of the National Early Warning Score receiver-operating characteristic curve was above and to the left of all medical emergency team criteria points, indicating better discrimination. Similarly, the positions of all medical emergency team criteria points were above and to the left of the National Early Warning Score efficiency curve, indicating higher workloads (trigger rates). Conclusions: When medical emergency team systems are compared to a National Early Warning Score value of greater than or equal to 7, some medical emergency team systems have a higher sensitivity than National Early Warning Score values of greater than or equal to 7. However, all of these medical emergency team systems have a lower specificity and would generate greater workloads. (Crit Care Med 2016; 44:2171-2181) Key Words: hospital rapid response team; monitoring, physiologic; quality improvement; vital signs, medical emergency team S taff failures in recognizing and responding to patient deterioration have led hospitals to use Early Warning Scoring Systems (EWSS) (1) or medical emergency team (MET) calling criteria (2) to improve vital signs monitoring and facilitate the calling of expert help to a patient's bedside.
EWSS allocate points in a weighted manner, based on the derangement of a patient's measured vital signs from arbitrarily agreed "normal" ranges-the sum of these is termed the Early Warning Score (EWS). The EWS is used to direct subsequent care, for example, changes to vital signs monitoring frequency; involvement of more experienced ward staff; or calling a rapid response team (RRT). Many EWSS are in use, with marked variation in measured physiologic variables, assigned weightings, and outcome discrimination (3) (4) (5) (6) (7) (8) . In 2012, the Royal College of Physicians of London (RCPL) recommended the use of a standardized EWSS in the National Health Service (NHS)-the National EWS (NEWS) (Supplementary Digital Content 1, http://links.lww.com/CCM/B981) (9). To produce NEWS, the RCPL used clinical opinion to make minor adjustments to the VitalPAC EWS (ViEWS) (5) . The RCPL recommends that NEWS values of greater than or equal to 7 should prompt assessment by an RRT (9) . NEWS demonstrates better ability than other published EWSS to discriminate patients at risk of a range of clinical outcomes (6) and has been validated outside its development site (10) (11) (12) (13) .
Some hospitals, especially in the United States and Australia, use MET calling criteria in preference to EWSS. Most MET criteria are based on extreme values of specific objective physiologic variables (e.g., pulse rate, < 40 or > 120 beats/min) (2) (Supplementary Digital Content 2, http://links.lww.com/ CCM/B982). When one or more objective MET criteria occur, or staff are "worried" about a patient, a MET or other RRT is called to provide expert assistance (14) . As with EWSS, a wide range of MET criteria is in use, with varied abilities to discriminate patients at risk of adverse events (3, (15) (16) (17) .
Ideally, hospitals should use an RRT triggering system that provides the highest discrimination of patient outcome and the lowest trigger rate, thereby minimizing both the risk of missing serious outcomes and of excessive staff workload. A recent study comparing the performances of NEWS and one set of MET criteria suggests that NEWS is a better (and earlier) detector of patient deterioration (13) . Therefore, we used a large database of vital sign measurements to a) compare the abilities of NEWS and 44 different MET criteria to discriminate patients at risk of four outcomes (i.e., cardiac arrest, unanticipated [i.e., emergency] ICU admission, death, or a combined outcome of any of these three) within 24 hours of a vital signs dataset and b) measure the associated trigger rates.
MATERIALS AND METHODS
The study was covered by local research ethics committee approval ref 08/02/1394, granted by the Isle of Wight, Portsmouth, and South East Hampshire Research Ethics Committee.
Setting and Study Population
Portsmouth Hospitals NHS Trust is a single site NHS District General Hospital with ~ 1,000 inpatient beds and ~ 5,500 staff. It provides all acute services except burns, spinal injury, neurosurgic, and cardiothoracic surgery to a local population of ~ 540,000. Routinely, staff use hand-held devices and commercially available software (VitalPAC; The Learning Clinic, London, United Kingdom) (18, 19) to record all vital signs at the bedside in all adult in-patient areas of the hospital, except high care areas such as critical care units. For this study, vital signs were collected during routine clinical care from adult patients (≥ 16 yr) admitted on or after May 25, 2011, and discharged on or before December 31, 2013. Data from patients discharged alive from the hospital before midnight on the day of admission were excluded. Data were not captured from patients transferred directly on admission to critical care areas of the hospital.
Vital Signs Database and its Development
For each vital signs measurement, the following data were recorded using VitalPAC software: date/time of observation set; pulse rate; systolic and diastolic blood pressures; breathing rate; temperature; neurologic status using the Alert-Verbal-Painful-Unresponsive (AVPU) scale; peripheral oxygen saturation (Spo 2 ); and the inspired gas (i.e., air or supplemental oxygen). Where oxygen was used, VitalPAC estimated its fractional inspired concentration (Fio 2 ) using the mask type ± flow rate (or in the case of a Venturi mask, the concentration), which were recorded during each vital signs collection. Vital signs sets for which data were absent or physiologically impossible were excluded.
Evaluation of NEWS and MET Criteria
The vital signs database was used to evaluate the performance of NEWS and 44 different MET criteria (identified from two previous publications [16, 17] ; Supplementary Digital Content 3, http://links.lww.com/CCM/B983). As the subjective component of MET criteria-staff concern (14)-is also used to escalate care when using NEWS, we made an a priori decision to evaluate only the following physiologic components of the MET criteria: high/low pulse rate, high/low breathing rate, high/low systolic blood pressure, high/low temperature, Spo 2 , and reduced consciousness. For the same reason, we did not evaluate criteria such as threatened airway or repeated/ prolonged seizures. For MET criteria, "reduced consciousness" was considered to be equivalent to a score of P or U on the AVPU scale. Two sets of MET criteria (20, 21) require knowledge of the Fio 2 when using Spo 2 (i.e., Ball [20] triggers when Spo 2 < 90% and Fio 2 ≥ 0.35 simultaneously; Hickey [21] when Spo 2 < 90% and Fio 2 ≥ 0.24 simultaneously). The remainder require only an Spo 2 value or simply whether supplemental oxygen was being administered. In the majority of observation sets where supplemental oxygen was administered, there was sufficient information on mask type and oxygen concentration/flow for an estimate of Fio 2 to be made. We removed hospital episodes where Fio 2 could not be estimated.
Outcomes
Deaths, cardiac arrests, and unanticipated ICU admission data were identified from the hospital's patient administration system (PAS), cardiac arrest database, and ICU admission database, respectively. We limited the analysis to the first of any of three outcomes (death, unanticipated ICU admission, or cardiac arrest) within 24 hours of a given observation set, within any episode of care. These outcomes were combined to produce a fourth-the combined outcome of any death, unanticipated ICU admission, or cardiac arrest within 24 hours of a given observation set. We excluded episodes of care where 1) the episode had a first outcome before the first observation set and 2) the episode did not have an observation set within the last 24 hours before the outcome.
Statistical Analysis
All data manipulation was performed using Microsoft` Visual FoxPro 9.0 (Microsoft Corporation, Redmond, WA). We used IBM SPSS Statistics v22 (IBM Corp., Armonk, NY) and R v3.02 (22) to calculate the area under the receiver-operating characteristic (ROC) curve (AUROC); R was also used to generate the figures.
We used the AUROC (23) to evaluate the ability of NEWS to discriminate between patients experiencing/not experiencing an adverse outcome at 24 hours post vital signs observation. An ROC curve plots sensitivity against 1 -specificity, and each point on it represents a sensitivity/specificity pairing corresponding to a particular decision threshold for NEWS. We plotted ROC curves for all four outcomes for NEWS. For each set of MET criteria, and for each outcome, we calculated the sensitivity and specificity. Any individual point represents a sensitivity/specificity pairing (there can only be one point per set of MET criteria). To compare the performance of NEWS and the different MET criteria, we superimposed the sensitivity/specificity points for the 44 sets of MET criteria on the NEWS ROC, for each outcome. The closer the NEWS ROC curve or any individual MET sensitivity/1 -specificity point is to the upper left corner, the higher the discrimination of the test.
We also plotted an efficiency curve (5) for NEWS for each outcome. These plot sensitivity against trigger rate (i.e., percentage of observations at, or above, a given NEWS value). To compare the efficiency of NEWS and the MET criteria, we superimposed the sensitivity/trigger rate points for the 44 sets of MET criteria on the NEWS efficiency curves. The closer the NEWS efficiency curve, or any individual MET sensitivity/trigger rate point, is to the lower right corner, the higher the efficiency of the test (i.e., more outcomes are detected for a lower trigger rate).
Additional Analyses
We have previously shown that the use of multiple observation sets from a single episode does not bias the ranking of EWSs when assessing the performance of these systems (24) . This has not previously been done for sets of MET criteria. Therefore, we repeated the above analyses using 10,000 samples of observation sets, each sample being constructed by selecting one observation set at random from every care episode (i.e., so each observation set in an episode had an equal chance of being selected in each sample).
RESULTS
A total of 2,606,050 vital signs datasets were obtained from 111,389 hospital episodes. All sets were complete, valid, and contained sufficient data to permit the calculation of a NEWS value. Following exclusions (Fig. 1) , the final dataset consisted of 2,245,778 vital signs sets from 103,998 episodes. There were 20,053 observation sets (0.89%) from 5,809 episodes where Fio 2 could not be estimated. For some of these 5,809 episodes, there were other observation sets where Fio 2 could be estimated, so the episode itself remained in the analysis (with fewer observation sets). Only 34 episodes were completely removed from the analysis because none of their observation (20, 21) , these observation sets were removed and the analysis was performed on 2,225,725 observation sets from 103,964 episodes. Table 1 shows the patient demographics, number and value of the vital signs measurements, and observations followed by an adverse outcome. The study data were collected from 66,712 unique patients admitted to medicine (34, 204) , surgery (33, 808) , and other specialties (6, 441) . Patients may have more than one admission and may belong to different groups during different admissions-hence the sum of admissions to medicine, surgery, and other specialties is 74,453, and not 66,712. The 66,712 unique patients had 103,998 hospital episodes during the study period.
The AUROCs (95% CI) for NEWS for cardiac arrest, unanticipated ICU admission, death, and the combined outcome, each within 24 hours, were as follows: 0.78 (0.76-0.78), 0.86 (0.85-0.86), 0.91 (0.91-0.92), and 0.88 (0.88-0.88), respectively. Table 2 shows that the sensitivity and specificity for the MET criteria varied considerably for the different outcomes. These findings were similar when using the 10,000 random sample sets (Supplementary Digital Content 4, http://links. lww.com/CCM/B984). the efficiency curve for NEWS and the sensitivity/trigger rate points for each set of MET criteria for the outcomes studied. For all four outcomes, the MET criteria points lie above and to the left of the NEWS efficiency curve, indicating a higher workload (trigger rate) is required to detect a given percentage of the considered outcome. Although some MET systems have a higher sensitivity than NEWS values of greater than or equal to 7, all would generate greater workloads (i.e., higher trigger rates). The relative positions of the MET criteria and NEWS were essentially unchanged when using the 10,000 random sample sets (Supplementary Digital Content 9 
DISCUSSION
The selection of an RRT triggering system can be based upon several criteria, including the balance between its sensitivity and the workload it generates. To minimize missed outcomes and excessive staff workload, hospitals should choose a system that provides the highest discrimination of patient outcome and the lowest trigger rate. Depending upon their specific criteria, all sets of MET calling criteria have fixed relationships between sensitivity and workload, and the resulting clinical response can only ever be of an "all or none" nature. In contrast, the multinodal nature of NEWS provides the opportunity to titrate the RRT trigger value to available resources. When MET systems were compared to a NEWS value of greater than or equal to 7, some MET systems have a higher sensitivity than NEWS. However, all of these MET systems had a lower specificity and would generate greater workloads (i.e., higher trigger rates).
Our results complement those of Tirkkonen et al (13) who showed that high NEWS values were associated with serious adverse events in hospital, but MET criteria were not. NEWS was also independently associated with higher mortality, whereas MET criteria were not. Churpek et al (7) compared the performance of several EWSs other than NEWS (5, 8, (25) (26) (27) with two sets of MET criteria (15, 28) and showed that EWSs generally had higher predictive accuracy. That EWSs, such as NEWS, are better discriminators of outcomes than MET criteria is perhaps not surprising. The activation of an RRT, when based on objective physiologic criteria, depends upon the presence of one or more extreme vital sign value (2, 15-17, 20, 21, 28) . Cretikos et al (16) studied the impact of varying MET criteria and showed that all tested modifications provided positive predictive values of less than 16% (i.e., ~ 84% of resultant calls would be to patients who would not experience an adverse event). Consequently, workload and the proportion of false positive calls would be high, and a substantial number of at risk patients might remain unidentified (16) . In contrast, EWSS provide an aggregate score based upon weightings for the, sometimes subtle, physiologic disturbance of several vital signs. This may better reflect changes that occur in many disease states. This is supported by the observation that aggregate NEWS values are more important for discriminating adverse outcomes than high scores for a single vital signs variable (i.e., extreme values of a given vital sign) (29) . Taking this body of evidence together with our own findings, it seems reasonable to conclude that EWSs, such as NEWS, provide better detection of adverse outcomes at a lower trigger rate (i.e., workload) than MET systems. Advocates of MET criteria often argue that an advantage over EWSS is their inclusion of trigger criteria other than vital signs, for example, "staff concern," threatened airway, seizures. Staff concern may account for a large proportion of RRT activations (14, 30, 31) , but EWSS can also trigger in response Cretikos to "staff concern" (current advice is that concern about a patient's condition should always override the NEWS value) (9) . Threatened airway and seizures are not included in NEWS but would generate an escalation (or call) exactly as they do when using MET criteria. Data show that threatened airway was the trigger for a MET call in only 2% of calls averaged over a 10-year period, with the figure for seizures being only 0.6% (31) . Therefore, the impact of the omission of threatened airway and seizure from our analysis can reasonably be expected to be small, given their infrequent occurrence as MET triggers.
Other than a fall in Glasgow Coma Scale (GCS) greater than or equal to 3 points, none of the MET criteria analyzed include changes in vital signs as MET calling criteria. In our analysis, we considered "reduced consciousness" to be equivalent to P or U on the AVPU scale. We consider this to be an appropriate approach, as the chance of a patient having a fall in GCS value of greater than or equal to 3, but continuing to score A or V on the AVPU scale is negligible. This large study has several strengths. It considers all completed admissions over 31 months. All necessary vital sign variables were collected simultaneously in a standardized manner as part of clinical care using an electronic data collecting system (18) . However, there are also weaknesses. Patients admitted directly to critical care areas were excluded and patients with Do Not Attempt Cardiopulmonary Resuscitation (DNACPR) decisions were included. We have partially mitigated the latter by excluding patients with no vital signs observations within the last 24 hours of their stay. This should exclude most patients on a recognized end-of-life pathway, but will mean that patients with DNACPR decisions who are not on one are included. Patients in the latter continue to receive normal care, including the measurement of vital signs, and EWSs still have utility in identifying their early deterioration. We have also assumed that the treatment of all study patients was both optimal and equitable. Additionally, we obtained the date/time of death (or discharge) from the hospital's PAS and these data are likely to be systematically late. Therefore, the number of observations followed by death within 24 hours may have been underestimated.
A further weakness is that the study was conducted in a single site, where the precursor of NEWS-ViEWS (5)was developed. Prediction models are almost always more accurate in the population in which they were derived. However, the current study differs markedly from the NEWS development work, using a larger database, a different study period, medical and surgical patients (compared to only acute medicine), and vital signs from the whole patient admission rather than merely from the patient's stay in the Medical Assessment Unit. Nevertheless, as with all studies on models that are tested in the site of their development, our results require external validation. Finally, our study is a statistical evaluation of NEWS and MET criteria. There is no guarantee that similar results would be generated operationally when human factors may have an influence (32) (33) (34) (35) (36) (37) .
CONCLUSIONS
When MET systems are compared to a NEWS value of greater than or equal to 7 (i.e., the recommended trigger points for RRT intervention for each system), some MET systems have a higher sensitivity than NEWS. However, all of these MET systems have a lower specificity and would generate greater workloads. NEWS also provides the opportunity to titrate the trigger value against available resources and permits a graduated, multitiered clinical response, whereas the clinical response resulting from a MET call can only ever be of an "all or none" nature.
